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ABSTRACT

The mitochondrial voltage-dependent anion channel 1 (VDAC1) plays a central role in metabolism and
apoptosis, which makes it a promising therapeutic target. Nevertheless, molecular mechanisms governing
VDAC1 functioning remain unclear. Small-molecule ligands specifically interacting with the channel pro-
vide an attractive way of exploring its structure-function relationships and can possibly be used as found-
ing stones for future drug-candidates. While around 30 VDAC1 ligands have been identified over the
years, various techniques have been used by research teams, making a fair and direct comparison
between compounds impossible. To tackle this issue, we performed ligand-binding assays on a represen-
tative set of seventeen known VDACT ligands using nano-differential scanning fluorimetry and microscale
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thermophoresis. While all the compounds have been confirmed as VDAC1 ligands by at least one method,
combining both technologies lead to the selection of four molecules (cannabidiol, curcumin, DIDS and
VBIT4) as chemical starting points for future design of VDAC1 selective ligands.

Introduction

The voltage-dependent anion channel 1 (VDAC1) is the most
abundant protein of the outer mitochondrial membrane (OMM).
VDAC1 is responsible of approximatively 90% of the exchanges
between the mitochondrion and the cytoplasm regulating the
transport of most ions and metabolites of molecular weight less
than 5kDa'". In addition, the channel is considered a hub protein
interacting with many partners involved in the mitochondrial func-
tion including apoptosis*™®. In response to a pro-apoptotic signal,
VDAC1 was shown to homo-oligomerize forming a large pore that
enables the release of apoptogenic factors from the mitochondrial
intermembrane space (IMS) to the cytosol>”%. Apoptogenic factors
include the apoptosis inducing factor (AIF), Smac/DIABLO and the
cytochrome C, leading to caspase activation and subsequent cell
death. The above factors can also be released via large hetero-
oligomers made of VDAC1 and of the pro-apoptotic protein Bax
from the Bcl-2 family, resulting in the same apoptotic effects’. The
pro-apoptotic activity of VDAC1 can be regulated through its
interaction with anti-apoptotic partners including members of the
Bcl-2 family (BcL-XL, Bcl-2)'® as well as Hexokinases | and Il (HKI
and HK2) that prevent the formation of large-pore oligomers
involving VDAC1''. Efforts are currently being made to provide
insights into the structure of VDAC1 complexes including homo-’,
hetero-oligomers and the HK-VDAC1 complex'*'® although no
experimental structure of these complexes has yet been obtained.
As a result, related mechanisms and their relationships to channel
function remain largely misunderstood.

At the structural level, VDAC1 is made of a 19-strand f-barrel
pore and an a-helical N-terminal domain composed of the first 25
residues''®. In the absence of a transmembrane (TM) voltage,
the channel is stable in its open state transporting most ions and
small metabolites with a preference for anions (Figure 1). At high
TM voltage, i.e., below —30mV or above +30mV, typically, VDAC1
can switch from its open state to multiple closed states'’. Closed
states are characterised by a reduced conductance for ions, are
impermeable to large metabolites and show a preference for cati-
ons'®. Recent advances have suggested that the N-terminal
domain was a critical component to promote channel closure'®*
and interaction with protein partners'®?'. However, molecular
mechanisms governing the functioning of VDAC1 as well as the
impact of these mechanisms at the cellular level have yet to be
described. On this basis, small-molecule ligands constitute valu-
able tools as they can be utilised as molecular probes to modulate
channel activity and dissect its mechanisms?%. In this regard,
highly selective and affine VDAC1 ligands are required to investi-
gate VDACT functions in cells. This is a challenging task as VDAC1
is often regarded as undruggable due to the absence of a well-
defined binding site?>.

Most small molecules that have been reported to directly inter-
act with VDACT correspond to standard compounds like aspirin,
curcumin, itraconazole or ruthenium red (RuR)**™?’. These ligands
are well-known to interact with various targets unrelated to
VDAC1 making them non-specific to the channel. Among all
reported ligands, only SC18, identified by Heslop et al.?® at the
time of this study writing, and VBIT4 and its derivatives (Akos022,
VBIT3 and VBIT12) have been developed to act specifically on
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Figure 1. Structure of the open state of hVDACT in LDAO micelles (PDBID:2JK4)">. Left: side (membrane) view. Right: top (cytoplasm) view. The barrel pore is coloured

in blue and the alpha helix in yellow.

VDAC?. VBIT-4 activity as VDAC1 interacting molecule inhibiting
apoptosis was demonstrated for several diseases as Type 2 dia-
betes®®, lupus®', and Colitis*?, pointing to VBIT-4 as an emerging
drug candidate. This highlights the clinical importance of develop-
ing new VDAC1 ligands.

Multiple techniques have been employed to demonstrate the
direct interaction of ligands with the channel including conduct-
ance measurement in Planar Lipid Bilayer (PLB)?4, affinity chroma-
tography?3, Microscale Thermophoresis (MST)>** and Photoaffinity
Labelling®, to name but a few, thereby preventing qualitative or
quantitative comparison between ligands. Although dissociation
constants (Ky) were measured (mostly by MST) for a few com-
pounds including ATP3®, cannabidiol®*, erastin®’ and NADH®,
experimental setups involved different VDAC isoforms (VDACT,
VDAC2 and VDAC3), source organisms and/or lipid environment
and/or detergent which can have important consequences on
reported Ky values. In the quest of finding specific small-molecule
ligands that can serve as molecular probes to explore VDACI
mechanisms, we propose a single experimental protocol which
combines MST and nano-differential scanning fluorimetry
(NanoDSF) to re-evaluate a representative set of seventeen pre-
sumed VDAC1 ligands. Specifically, all the tested molecules were
confirmed as ligands by a least one method whereas eleven were
validated by both techniques. In addition, dissociation constants
were estimated for six out of the seventeen compounds. These
results allowed a fair comparison of different classes of VDAC1
ligands in order to prioritise them for future experiments.

Materials and methods
Materials

E. coli BL21 were purchased from Invitrogen. Plasmid pET-21A was
purchased from Novagen. pDNR-LIR-hVDAC was purchased from
Dharmacon. Ampicillin, IPTG, Triton 100X, Guanidine hydrochlor-
ide, Acrylamide: Bisacrylamide 37.5:1, SDS 10%, Temed, APS, TGS
10X, NH4Cl and CaCl, were purchased from Euromedex. NaCl,
NaH,PO,4, K,HPO,4, KH,PO,, glucose, LB-broth, Tris-HCI, NADH, pro-
pofol, quinidine, ubiquinone 0, Laemli 6X, f-mercaptoethanol,
PBS, Na,HPO,; K,SO; and metformin were purchased from
ThermoFisher. Aspirin, catechin, curcumin, DCCD, DPC, emodin,
fluoxetine, and MnCl, were purchased from Fluorochem.
Imidazole, DIDS, DMSO, ReadyBlue Protein Gel stain, EDTA, MgCl,,
CoCl,, H,BO3, acetone and ethanol were purchased from Sigma-
Aldrich. FeSO, and ZnSo, were purchased from Biobasic. CuCl,
and Mo,0,, were purchased from Roth. ">°NH,Cl, D,O and deuter-
ated glucose were purchased from Innova-Chem. LDAO was pur-
chased from CliniSciences. Itraconazole was purchased from

Cayman Chemical company. VBIT4 was purchased from Aobious.
Cannabidiol was purchased from Carbosynth. Olesoxime was
obtained from in-house chemical library.

Preparation of His6-tagged human VDAC1

hVDACT cDNA was subcloned into pET21A from pDNR-LIR-hVDAC.
hVDAC1 was produced in BL21 E. coli transformed with a pET-21a
plasmid (supplemental Figure S1A) containing the hVDAC1-coding
sequence and purified as described in®*°. The protein was
extracted from inclusion bodies in Guanidium containing buffer.
The denatured protein was purified by affinity chromatography on
a HisTalon superflow Cartridge column (Takara bio-Company) fol-
lowed by size-exclusion chromatography (SEC; HiLoad 16/600
Superdex 200pg, Cytiva). VDACT refolding was performed by
dropwise dilution into a buffer supplemented with 1% LDAO®°.
The protein was purified by cation exchange chromatography
(HiLoad 16/10 SP Sepharose HP; Cytiva) followed by a SEC. Protein
purity was verified by SDS-PAGE (supplemental Figure S1B) and
Coomassie staining. Proper folding of the protein was confirmed
by "H-">N TROSY-HSQC performed with 90uM of perdeuterated
hVDAC1 in a 5mm tube on a 950MHz Bruker spectrometer
equipped with a cryogenically cooled probe (supplemental
Figure S2).

NanoDSF analysis

hVDAC1 (50 pg/mL) was incubated 20 min with each compound in
the experimental buffer (PBS, pH 7.2 with 0.1% LDAO) containing
either 0% or 5% DMSO depending on compound solubility.
Next, samples were loaded into NanoDSF Standard-grade capilla-
ries and transferred into a Prometheus NT.48 NanoDSF device
(NanoTemper Technologies). Thermal unfolding was detected dur-
ing heating in a linear thermal ramp (2 °C/min; 30-80°C) with an
excitation power of 20%. Unfolding transition points were deter-
mined from changes in the emission wavelengths of tryptophan
fluorescence at 330nm and 350nm, respectively, and from the
ratio 350/330 nm. Experiments were conducted in triplicates and
data were analysed using the Prometheus PR stability ana-
lysis software.

MST analysis

Purified hVDAC1 was fluorescently labelled using NanoTemper
Protein labelling kit RED-NHS 2nd generation (LO11, NanoTemper
Technologies) or labelling kit BLUE-NHS (L003) depending on lig-
and fluorescence according to manufacturer instructions. hVDAC1
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Table 1. List of selected compounds including experimental techniques used to show direct interaction as well as observed effect(s) on VDAC1 and correspond-

ing references.

Compound Technique(s) showing direct interaction Effect(s) on activity Reference

Aspirin PLB Reduces conductance 2
Induces VDAC-HK Il detachment

Cannabidiol PLB, MST Reduces conductance Increases mitochondrial Ca®™ 34

Catechin Affinity chromatography 33

Curcumin PLB Reduces conductance by promoting closed state(s) %

DCCD PLB, NMR Reduces conductance 44,46,47,48

['*C] DCCD-labelled VDAC1 Inhibits HK-VDAC1 binding

DIDS PLB, MST Reduces conductance by complete closure of the channel 48,49
Inhibits oligomerization

DPC PLB, MST Reduces conductance 49
Prevents oligomerization

Emodin Affinity chromatography 33

Fluoxetine PLB Reduces conductance Prevents Cyto C release 50,51

Itraconazole PLB, Photoaffinity labelling MST Reduces conductance 3526

Metformin PLB, MST Reduces conductance 30
No binding observed by MST

NADH PLB, NMR Affects gating without reducing the conductance Sterically closes the channel 38,5214

Olesoxime PLB Reduces conductance 53

Propofol PLB Promotes closure when a negative voltage is applied No effects on open state conductance 54

Quinidine PLB Reduces conductance by steric blockage s

Ubiquinone 0 Photoaffinity labelling Induces over-expression of VDAC 56,57

VBIT4 PLB, MST Reduces conductance Inhibits oligomerization Inhibits HK detachment 2

Structures of compounds are shown in supplementary Figure S3.

(100 nM) was incubated 20 min with each compound in the dark
at room temperature at the highest soluble ligand concentration
(binding check experiment) or at 16 different concentrations
obtained by serial dilution starting from the highest soluble con-
centration (dose-response experiment). Samples were loaded into
glass capillaries (Monolith NT Capillaries), and thermophoresis ana-
lysis was performed using a Nano-Temper Monolith NT.115 appar-
atus. (LED power 20%, IR laser power 20%). Signal quality was
monitored by the NanoTemper Monolith device to detect possible
ligand auto-fluorescence, precipitation, aggregation, or ligand-
induced changes in the photobleaching rate. Experiments were
conducted as triplicates and treated with the MO.Affinity Analysis
software (Nano-Temper).

Results
Dataset

About 13 ligands of VDAC, excluding analogues, have been
described in the literature so far. One of the most recent and
complete review on VDAC ligands*® was used for the selection of
the compounds tested in the present work. A high structural het-
erogeneity in the selected set was a primordial criterion.
Fragment-size molecules (aspirin, propofol) to much more com-
plex molecules (itraconazole) were picked by keeping, at most,
two compounds of the same family. The selected molecules also
included ligands expected to bind inside the pore region (aspirin,
curcumin, emodin ...)***" and ligands most likely binding to the
outer, i.e., lipid-facing, part of the channel (propofol, olesox-
ime)**>*3, Importantly, DCCD was shown to covalently bind to
VDAC™. As reported for other channels, DIDS might as well bind
covalently to VDAC*. The seventeen compounds investigated in
the present study are listed in Table 1 where we also specified
the original experimental technique(s) used to demonstrate direct
interaction and the reported effect(s) on channel activity.

VDAC1 samples

Recombinant human VDAC1 (hVDACT) samples were produced
according to the protocol published by Silver et Eddy*’. The

proper refolding of the protein was assessed by 'H-'>N TROSY-
HSQC NMR experiment. The NMR spectrum (supplemental Figure
S$2) was comparable to those published'*', which confirmed the
correct refolding of the protein.

NanoDSF measurements

NanoDSF is a label-free thermal-shift-assay (TSA) technique used
to study protein denaturation as a function of the temperature.
NanoDSF provides indications on protein stability and enables to
determine the binding ability of small molecules for targets of
interest. The technique is based on the estimation of the melting
temperature (T,,) of the protein by monitoring the intrinsic fluor-
escence of tryptophan residues. When excited at wavelengths
around 280 nm, Tryptophans emit fluorescence as a peak around
330nm when they are embedded in hydrophobic areas of the
folded state, while they emit at 350nm when they become
exposed to the hydrophilic solvent during unfolding®®. hVDAC1
structure includes four tryptophans (W64, W75, W149 and W210)
facing the lipid membrane. Varying the fluorescence intensity ratio
(F350 nm/F330 nm) as a function of the temperature resulted in a
S-shaped transition from the folded to the denatured state, usu-
ally referred to as redshift, which is the most common transition
observed by NanoDSF*°. The melting temperature was first eval-
uated on hVDAC1 alone in the absence of ligands (Figure 2).
Average T, values were determined at 57.6+0.05°C and
56+0.07°C, at 0% and 5% DMSO, respectively, which is compar-
able to the T,,, measured by TSA on CPM-labelled mVDACT, i.e., T,
= 55.8+0.6°C in the absence of DMSO®. Next, T,, values were
determined in the presence of the seventeen selected compounds
and compared to the T,, of hVDAC1 alone at 0%, or 5% DMSO
when the compound was not soluble at 0% DMSO. The thermal
shift (AT,,) was considered significant when it exceeded three
times the standard deviation of the T, in the absence of a ligand
(= 0.22°Q). In this case, the compound was assumed to be a
genuine ligand of hVDACT.

As shown in Figure 3, 13 out of the seventeen compounds
have been confirmed as VDACT ligands as they induced a signifi-
cant shift in the T,. Among them, six molecules (aspirin,
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cannabidiol, catechin, DCCD, fluoxetine and propofol) were found
to increase the T,,. In contrast, seven molecules (curcumin, DIDS,
DPC, olesoxime, quinidine, ubiquinone, VBIT4) induced a negative
T shift. The four remaining compounds (emodin, itraconazole,
NADH and metformin) have not been confirmed as VDAC1 ligands
by NanoDSF in our experimental conditions.

MST measurements

MST enables to track temperature-induced changes in the fluores-
cence of a fluorochrome-tagged protein. When a ligand binds to a
target, its MST signal is modified in a ligand concentration-

€ 0.92
@
o 0.87
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R 0.82 R
o + 5% DMSO
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o
()
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©
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Figure 2. Thermal stability of hVDACT in LDAO micelles determined by NanoDSF
in presence or absence of 5% DMSO. The S-shaped transition of the ratio of tryp-
tophan fluorescence at 350 and 330 nm is displayed in the top figure while corre-
sponding first derivatives are shown in the bottom figure. Inflection points,
which correspond to the T, are indicated by dashed lines. T, values were
57.60+0.05°C and 56.00+£0.07°C in the absence or in the presence of 5%
DMSO, respectively. Standard deviations were obtained by performing triplicates
of each experiment.

dependent manner®'. Therefore, the MST technique can either be
used as a single-dose assay (i.e., at fixed ligand concentration) to
determine the binding ability of a compound or at multiple con-
centrations in order to build dose-response curves from which the
dissociation constant can be estimated. In this study, both
approaches were applied. The seventeen compounds were first
tested by single-dose assay referred to as binding check (Figure
4). A significant modification in the MST signal compared to the
reference signal (protein alone) was observed for every compound
except for ubiquinone. No information about the binding ability
of catechin was obtained as auto-fluorescence, photobleaching
rate modification and aggregation of the protein were systematic-
ally observed upon addition of this compound.

The fifteen ligands confirmed by single-dose assay were further
investigated to determine their dissociation constant (Kj).
Transition of the signal from the saturated-protein state (high lig-
and concentration) to the free-protein state (low ligand concentra-
tion) was monitored to determine the K; (Figure 5). Overall,
dissociation constants were successfully determined for six com-
pounds including DIDS (K; = 0.5uM), VBIT4 (K; = 3 uM), itracon-
azole (K; = 5pM), cannabidiol (K; = 6 puM), curcumin (K; = 6 pM)
and emodin (K; = 10 uM). As mentioned above, DIDS is likely to

§ MST traces Amplitude
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o == Complex —
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=09 £ 9.6
2 E 810
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Figure 4. MST binding check performed on 100nM hVDAC1 with (green), or
without (blue) 250 uM VBIT4.
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Figure 3. First derivative of the 350/330 nm ratio obtained from NanoDSF as a function of the temperature. Only compounds displaying a significant Ty, shift are
shown. (A) Compounds solubilised in buffer. (B) Compounds solubilised in DMSO. Reference T, obtained for hVDAC1 (in absence (A) or in presence of 5% DMSO (B))

is indicated.
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Figure 5. MST dose-response curve of the eight compounds displaying precise or minimum Ky values (cannabidiol, curcumin, DIDS, emodin, itraconazole, VBIT4, propo-
fol and fluoxetine). Error bars show standard deviation obtained from three replicas of the same measurement.

interact covalently with VDAC1. Therefore, the measured K; must
be carefully considered. Evaluation of the K4 was not possible for
propofol and fluoxetine since the saturation plateau could not be
reached (K; > 650 uM for propofol and K; > 7.7 mM for fluoxet-
ine). The dissociation constant of six compounds (aspirin, DPC,
metformin, NADH, olesoxime, and quinidine) could not be deter-
mined despite being validated by binding check. Indeed, no tran-
sition from the unbound to the bound state was observed for
these ligands, which was likely due to a poor ligand affinity or a
too weak modification of the fluorescence resulting in a too small
signal amplitude. In contrast with a previous study*’, no proper
dose-response data were obtained for DPC preventing the

evaluation of the Kj. Similarly, we could not obtain dose-response
data for DCCD which, in this case, may be related to the ability of
the compound to form covalent bonds with proteins®**“®.

K4 values determined for cannabidiol (6 uM) and VBIT4 (3 uM)
were in good agreement with published data, i.e, 11 uM for can-
nabidiol®* and 53 puM for VBIT4%°, while a significant difference
was found for itraconazole (K; = 5 vs 120 uM in%%). Finally, the
present work is reporting for the first time the affinity of curcumin
and emodin for VDAC1, with K, values of 6uM and 10uM,
respectively.

A summary of the results obtained with both techniques
(NanoDSF and MST) is provided in Table 2. Every tested
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Table 2. Results obtained by NanoDSF and MST including Ty, shift, MST binding
check and dissociation constant evaluated for each tested compounds and pub-
lished affinity if available. A thermal shift was considered significant when its
variation exceeded *+ 0.22°C. (N.D., not determined, when experiments were
not performed due to inconclusive binding check assay; N.A., not available,
when experiments were performed but were inconclusive). hVDACT = human
recombinant VDAC1 and rVDACT =VDAC1 extracted from rat.

MST Binding
Compound AT, °C Check Kq (LM) Published Ky (1M)
Aspirin +1.01 Positive N.A.
Cannabidiol +0.94 Positive 6+2 11.2 [rVDAC1]
Catechin +0.91 N.A. N.D.
Curcumin —0.76 Positive 6+1
DCCD +8.19 Positive N.A.
DIDS —0.53 Positive 0.5+0.2 70 [rVDAC1]
DPC —0.45 Positive N.A. 150 [rVDAC1]
Emodin —0.21 Positive 10+5
Fluoxetine +0.81 Positive >7700
Itraconazole —0.22 Positive 5+2 120 [rVDACT]
Metformin +0.12 Positive N.A.
NADH +0.18 Positive N.A. 9000 (hVDACT)
Olesoxime —0.56 Positive N.A.
Propofol +1.31 Positive >650
Quinidine —0.82 Positive N.A.
Ubiquinone 0 —0.94 Negative N.D.
VBIT4 —3.51 Positive 3+1 53 [hVDACT]

compound was confirmed as ligand by at least one technique and
eleven out of seventeen were confirmed with both single dose
assays. Four molecules did not induce a significant T,, shift in
NanoDSF but were confirmed as ligands by MST binding check.
Overall, only two ligands were not confirmed by binding check
(ubiquinone and catechin) whereas they induced a significant T,,
shift in NanoDSF. As no ligands were simultaneously unvalidated
by both methods, this suggests that the combination of NanoDSF
and MST might provide an efficient way to reduce false negatives
in low- or medium-throughput screening campaigns.

Discussion

Although VDAC1 is central to many physiological processes and
involved in various diseases, its pharmacological potential remains
uncertain®®®2, To address this issue, small-molecule ligands pro-
vide suitable research tools in order to understand channel mech-
anisms>2. So far, around thirty compounds have been described as
VDAC1 ligands*® while dissociation constants have been measured
for a few of them. Many techniques, conditions and protein iso-
forms have been used to characterise these compounds which
makes a fair comparison between them difficult. In the present
study, we used a single experimental protocol based on scanning
fluorimetry and microscale thermophoresis to re-evaluate a repre-
sentative panel of seventeen presumed VDACT ligands. For all the
compounds, the same experimental conditions and a single
recombinant human VDAC1 sample were employed thereby pro-
viding a common basis to analyse and prioritise molecules.

In general, a correct agreement was observed between
NanoDSF and MST techniques (11 out 16 compounds were con-
firmed as ligands by both single dose assay; catechin could not
be studied by MST). However, for emodin and itraconazole, bind-
ing was shown using the MST technique, while no significant
changes in T,, was observed using NanoDSF. As reported in®,
such discrepancies may be related to the characteristics of each
approach. In particular, the binding of a compound does not sys-
tematically modify the stability of the protein, and therefore
would not induce a significant shift in the T,,.

Besides synthetic ligands, the combination of MST and
NanoDSF to analyse the binding of physiological VDAC1 regula-
tory molecules such as ATP, glutamate or Ca2+ would deserve
further investigation. This should also provide insights into the
effect of these natural regulatory molecules on the binding of syn-
thetic VDAC1 ligands.

Among all the AT,, measured by NanoDSF, DCCD displayed
the largest value (+8.19°C) which is expected to be due to its
ability to covalently bind to carboxyl residues located inside
hydrophobic pockets®®. In the case of VDAC1, DCCD was shown
to interact with the lipid-facing E73 residue using [**C]-DCCD
labelling®®. This was later confirmed by protein-observed NMR
experiments*®,

Overall, a stabilisation of the channel was observed (positive
thermal shift) for six of the ligands whereas seven of them
induced a destabilisation (negative thermal shift). The presence of
both negative and positive induced thermal shifts as well as the
absence of a common chemical skeleton between ligands may be
indicative of multiple binding sites inside VDAC1 as suggested
in%. Remarkably, no apparent correlation between the molecular
properties of the thirteen ligands (molecular weight, logP, number
of H-donors and acceptors, number of aromatic rings and pK,)
and their impact on the stabilisation of the protein was found,
which also supports the idea of different binding areas within
the channel.

In total, four compounds, i.e., cannabidiol, curcumin, DIDS and
VBIT4, were confirmed by both NanoDSF and MST while display-
ing a reasonably low K, value (K; < 10 uM), and therefore consti-
tute promising ligands to further investigate VDAC1 mechanisms
or druggability.

Structural studies, e.g., based on X-ray crystallography or NMR,
may help confirm ligand binding sites as well as estimate the
impact of these compounds on VDAC1 stabilisation. As positive
(cannabidiol) and negative (curcumin, DIDS and VBIT4) T,, shifts
were observed, both destabilisation and stabilisation of the chan-
nel could be explored a priori. Finally, we believe that such com-
pounds can serve as starting points for chemical modification to
design innovative ligands with higher specificity and affinity, that
could be used later on to investigate the therapeutic potential of
VDACT ligands in various diseases.

Conclusion

In this paper, 17 compounds known as VDAC1 ligands in the lit-
erature were studied by NanoDSF and MST. All the ligands were
validated by at least one technique and eleven were confirmed by
both, suggesting that this approach is promising for the study of
other reported ligands and the identification of novel VDAC1
binders. Among the compounds validated by both methods, four
of them (cannabidiol, curcumin, DIDS and VBIT4) displayed a rea-
sonably low K, value, which makes them promising chemical start-
ing points to design molecular probes for further exploration of
VDAC1 functions.
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